The prefrontal cortex plays a fundamental role in the working memory functions of the cerebral cortex and is also the site of dysfunction in several neurological and psychiatric disorders, including schizophrenia. Prefrontal neurons are distinguished by their capacity for sustained activity during the time a stimulus is held in memory, and this mnemonic response is considered a substrate for a variety of cognitive functions. The neuronal basis for sustained activity in prefrontal neurons is unknown but is thought to involve recurrent excitation among pyramidal neurons. Recent studies in awake behaving monkeys have demonstrated that the persistent activity in prefrontal neurons is modulated by dopamine. To examine the mechanisms by which dopamine might modulate transmission in local excitatory circuits, we have performed dual whole-cell recordings in connected pyramidal cell pairs with and without dopamine application. We find that dopamine reduces the efficacy of unitary excitatory neurotransmission in layer V pyramidal cells by decreasing its reliability. These effects, which are reproduced by a selective D1 agonist and blocked by a D1 antagonist, are independent of voltage changes and are not attenuated by blockade of sodium and potassium channels in the postsynaptic neurons. We conclude that attenuation of local horizontal excitatory synaptic transmission in layer V pyramidal neurons by dopamine is through D1 actions at a presynaptic site. T he prefrontal cortex (PFC) plays a primary role in working memory, the mental operation critical for ''online'' processing of information (1, 2). Prefrontal neurons exhibit persistent neuronal firing throughout the delay interval intervening between a stimulus and a memory-guided response. Understanding the cellular and circuit basis of sustained neural activity maintained in the absence of a stimulus is considered an important quest in cognitive neuroscience (2). Previous studies in this laboratory have revealed a role for dopamine (DA) acting at D1 receptors in the modulation of a prefrontal neuron's excitatory response to its preferred stimulus (3). The sustained response of prefrontal neurons in the absence of a stimulus has generated considerable interest (4 -11), but the precise pharmacological and circuit mechanisms underlying this activation remain unclear. As DA terminals and glutamatergic terminals form so-called synaptic triads with dendritic spines of pyramidal neurons (12, 13), we have proposed that DA directly modulates glutamate transmission at such triads, and thereby is a modulator of recurrent excitatory interactions between and among local pyramidal neurons that could promote persistent neural activity. To directly test this hypothesis, we have examined the synaptic effects of DA on recurrent excitatory transmission between pairs of pyramidal neurons by means of dual whole-cell patch clamp recording combined with DA application. In particular, we have examined DA's effects on unitary excitatory postsynaptic potentials (EPSPs), especially DA's modulation of glutamate release and whether pre-or postsynaptic mechanisms are involved. Our results indicate that DA directly reduces the probability of glutamate release in layer V pyramidal neurons by D1 actions at a presynaptic site. These results provide a possible neurophysiological basis for understanding the interaction of DA and glutamate in the pathophysiology and treatment of schizophrenia.
T
he prefrontal cortex (PFC) plays a primary role in working memory, the mental operation critical for ''online'' processing of information (1, 2) . Prefrontal neurons exhibit persistent neuronal firing throughout the delay interval intervening between a stimulus and a memory-guided response. Understanding the cellular and circuit basis of sustained neural activity maintained in the absence of a stimulus is considered an important quest in cognitive neuroscience (2) . Previous studies in this laboratory have revealed a role for dopamine (DA) acting at D1 receptors in the modulation of a prefrontal neuron's excitatory response to its preferred stimulus (3) . The sustained response of prefrontal neurons in the absence of a stimulus has generated considerable interest (4 -11) , but the precise pharmacological and circuit mechanisms underlying this activation remain unclear. As DA terminals and glutamatergic terminals form so-called synaptic triads with dendritic spines of pyramidal neurons (12, 13) , we have proposed that DA directly modulates glutamate transmission at such triads, and thereby is a modulator of recurrent excitatory interactions between and among local pyramidal neurons that could promote persistent neural activity. To directly test this hypothesis, we have examined the synaptic effects of DA on recurrent excitatory transmission between pairs of pyramidal neurons by means of dual whole-cell patch clamp recording combined with DA application. In particular, we have examined DA's effects on unitary excitatory postsynaptic potentials (EPSPs), especially DA's modulation of glutamate release and whether pre-or postsynaptic mechanisms are involved. Our results indicate that DA directly reduces the probability of glutamate release in layer V pyramidal neurons by D1 actions at a presynaptic site. These results provide a possible neurophysiological basis for understanding the interaction of DA and glutamate in the pathophysiology and treatment of schizophrenia.
Methods
Slice Preparation and Physiological Recording. A total of 22 ferrets ages 1.5-2 months were deeply anesthetized with sodium pentobarbital and decapitated, and their brains were immediately removed and placed in cold oxygenated Ringer's solution containing 124 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO 4 , 2 mM CaCl 2 , 1 mM MgSO 4 , 26 mM NaHCO 3 , and 10 mM dextrose, pH 7.4. The frontal lobe was separated, and horizontal sections 350-400 m thick were cut through the medial PFC on a microslicer (Ted Pella, Redding, CA). The slices were incubated in artificial cerebrospinal fluid at 35°C for 1 h, then kept at room temperature until being transferred to the recording chamber at a temperature of 32-34°C. Neurons were visualized under infrared differential interference contrast videomicroscopy as described (14) . Dual whole-cell patch clamp recordings were used for analysis of pyramid-to-pyramid monosynaptic connections. The resistance of patch pipettes was 8-12 M⍀, and pipettes were filled with a solution containing 114 mM Kgluconate, 6 mM KCl, 0.5 mM CaCl, 1 mM EGTA, 4 mM ATP-Mg, and 10 mM Hepes, pH 7.25. To block Na ϩ and K ϩ channels, 5 mM QX-314 and 125 mM Cs ϩ -gluconate were added into the postsynaptic electrode solution in some experiments. To identify the morphology of neurons, pairs of neurons were injected with 0.2% Lucifer yellow (dipotassium salt; Sigma) and 0.5% biocytin (Molecular Probes), respectively.
Whole-cell current clamp recordings were made by using two Intracellular Electrometers IE-210 (Warner Instruments, Hamden, CT). The signals were amplified and filtered at 2 kHz in bridge-balance mode and were acquired on computer at sampling intervals of 3-33 s by using DigiData 1200 interface and the pCLAMP 8.0 software program (Axon Instruments, Foster City, CA). To determine the pre-or postsynaptic mechanisms involved, paired-pulse stimulation was used, and the ratio of successive responses was measured. Synaptic potential amplitudes, along with the input resistance, were displayed online during the course of each experiment. Access resistance (10-25 m⍀) was monitored online at regular intervals from the setting on the bridge balance, and cells were rejected if this parameter changed by 15%. ascorbic acid was focally applied through puff pipettes, as was DA, whereas 10 M quinpirole, 10 M SCH 23390, 10 M raclopride, and 10 M CNQX (6-cyano-7-nitroquinoxaline-2,3-dion) were bath-applied (Sigma).
Analysis and Statistics. Whole-cell patch clamp typically resulted in low-noise recordings, enabling accurate detection of failures of the identified synaptic transmissions. Failure was defined as an amplitude below the limit of 1.6 ϫ rms noise (15) . The average rms noise was 0.13 Ϯ 0.03 mV calculated from measurements of the baseline 50 ms before EPSP onset of 10 neuronal pairs. After failures were excluded, 20-100 individual sweeps were averaged, and the mean and standard deviations were determined. Measurements included latency, 20-80% rise time, and decay time constant (). To assess whether DA and͞or its agonists and antagonists had significant effects, paired t tests were used to compare the average of all EPSPs in the 5-min baseline with the average of all other EPSP values during drug application. The data are presented as mean Ϯ standard error. Slices were immediately fixed in cold 4% paraformaldehyde for 3-5 days after recording, and then were resectioned into 60-m sections on a cryostat. The sections were reacted with 1% H 2 O 2 for 4-6 h to block the endogenous peroxidase and then were placed in blocking serum with 0.5% Triton X-100 at 4°C for 12 h. They were then incubated in ABC (Vectastain, Vector Laboratories) for 4 h at room temperature and, after rinsing, transferred to a solution of anti-Lucifer yellow biotinylated rabbit IgG (Molecular Probes) for 48 h. Biocytin-labeled pyramids were developed as dark blue by using the Ni-diaminobenzidine chromogen. Lucifer yellow-labeled neurons were stained brown by using a plain diaminobenzidine reaction after additional ABC incubation. Sections were dehydrated and coverslipped with Permount (National Diagnostics). The cells were reconstructed under the ϫ63 oil lens plus ϫ2 magnification with NEUROLUCIDA software (Microbrightfield, Foster, CA), and the reconstructed neurons were edited in CANVAS 5.0.2 (Deneba Systems, Miami). The presumed synaptic contacts were carefully identified and marked under the light microscope at a total magnification of ϫ1,250. All recorded neurons were morphologically confirmed pyramidal cells; four contacts were visualized in one fully reconstructed pair (Fig. 1C) , and five appositions were observed in a second physiologically characterized pair. These numbers are in line with Markram et al. (15) , who observed 4-8 contacts between pyramidal pairs.
Results

DA Depresses the Amplitude of EPSPs.
A total of 39 synaptically connected pairs of layer V pyramidal neurons were studied in ferret medial prefrontal cortical slices. Voltages were recorded in current clamp mode, and DA was pressure injected over proximal apical dendrites, soma, and basal dendrites of both cells ( Fig. 1 A and C; see Methods for details). The average peak amplitude of unitary EPSPs evoked by a single presynaptic action potential in 39 pairs of neurons ranged from 0.30 to 2.01 mV with a mean of 0.8 Ϯ 0.07 mV, and the mean failure rate was 29.2 Ϯ 6.29% at a membrane potential of Ϫ63.7 Ϯ 0.96 mV (Table 1 and Fig. 1B ). The unitary EPSPs at this membrane potential are predominantly AMPA (␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) mediated as they were almost completely blocked by the AMPA antagonist CNQX (10 M; data not shown; ref. 15) . Focal application of DA (pipette concentration of 100 M-10 mM) reversibly reduced the amplitude of EPSPs by 28.9 Ϯ 0.29% in 16 synaptic pairs tested (P Ͻ 0.001; Fig. 1 D and E) without significantly affecting input resistance as in agreement with previous studies (7, 16) . Moreover, the depressive effects were even more obvious when failure sweeps were included in the analysis. In the synaptic pair shown in Fig. 1D , DA reduced the unitary EPSP amplitude by 39.8% (54.4% reduction if failures are included).
DA Reduces the Reliability of Synaptic Transmission via Presynaptic
Mechanisms. To determine whether the mechanism of DAinduced depression of excitatory transmission involves a reduction in the probability of neurotransmitter release in presynaptic terminals, a decrease in receptor sensitivity to neurotransmitter in postsynaptic neurons, or a combination of both, we examined the synaptic failure rate more closely and studied the pairedpulse ratios before and during DA application. Two lines of evidence suggest that the reduction of EPSP amplitudes by DA is based on a presynaptic mechanism. First, the failure rate, defined as failure percentage of all sweeps (14) , increased an average of 25% from 21.7 Ϯ 5.51% in the control condition to 46.6 Ϯ 7.75% during DA application ( Fig. 2A ; n ϭ 16, P Ͻ 0.001). Second, in addition to synaptic failure, we observed changes in the probability of release in response to a second stimulus (17, 18) . Although both paired-pulse depression (n ϭ 4) and facilitation (n ϭ 4) were observed at 2-to 20-Hz stimulation, both were similarly altered by DA. Moreover, the paired-pulse ratio, defined as (EPSP2͞EPSP1) ϫ 100%, was significantly reduced from 97.5 Ϯ 10.91% in control conditions to 72.2 Ϯ 5.65% with DA application ( Fig. 2B ; n ϭ 8, P Ͻ 0.05), decreasing about 25% at 10-Hz stimulation. This finding differs from the expected paired-pulse ratio when transmitter release is decreased (17, 18) but is consistent with the recent results of Behr et al. (19) . These evidences suggest that DA might be activating a signal located in the axon terminals of presynaptic neurons to reduce the release probability of glutamate or the reliability of synaptic transmission or possibly might be activating GABAergic neurons to shunt the EPSP signal (9) . We consider the latter possibility unlikely because EPSP amplitudes were unaffected by the application of 5-10 M bicuculline, the GABA A receptor antagonist, and bicuculline had no effect on DA's depression of EPSPs. [Amplitudes of EPSPs were significantly reduced 31.4 Ϯ 4.71% at DA alone (P Ͻ 0.05) and 38.1 Ϯ 8.38% during coapplication of bicuculline and DA (P Ͻ 0.05; Fig. 2 C and D) .] D1 Receptor Modulation. DA receptors can be divided into two general classes, the D1-and D2-like receptors (20) . To determine which receptor subtype is responsible for the depressant effects on unitary EPSPs, we applied the D1 receptor agonist, SKF 38393, using pressure puff ejection (due to rapid oxidization of the agent) and the D2 agonist quinpirole through bath application. In four of six pairs, SKF 38393 (pipette concentration of 100 M with 10 M ascorbic acid) mimicked the response of DA, whereas in the other two the reduction of unitary EPSPs observed was less than 10%. In the pair shown in Fig. 2 E and F, for example, EPSP amplitudes decreased 32%, whereas the D2 agonist, 10 M quinpirole, had no effect on these pairs. Furthermore, 10 M SCH 23390, a D1 antagonist, was effective in blocking the effects of DA on EPSPs when bath applied simultaneously (Fig. 3 A and B) . A typical experiment in which the effects of DA alone and SCH plus DA on EPSP amplitude were examined is shown in Fig. 3A . Representative consecutive traces taken before and during DA, during SCH alone, and with SCH plus DA application demonstrate that EPSP amplitude was reversibly reduced by DA (Fig. 3A) , and this depression was antagonized by SCH 23390. In these experiments, DA initially caused a depression of EPSPs by 29.7 Ϯ 0.71% (n ϭ 4, P Ͻ 0.01) but no significant depression (12.5 Ϯ 3.57%) when reapplied to the same cells in the presence of 10 M SCH 23390 ( Fig. 3B ; n ϭ 4, P ϭ 0.961). SCH 23390 itself slightly increases the amplitude of EPSPs about 9%, a nonsignificant difference (P ϭ 0.166), suggesting little or no prevailing action of the endogenous amine. In line with these results, the depression of EPSPs by DA was not blocked by the DA D2 antagonist raclopride (1-10 M, bath application). In these experiments, DA initially reduced the amplitude of EPSPs 34.2 Ϯ 6.45%, and depressed them even more (43.6 Ϯ 10.77%) when reapplied with raclopride simultaneously ( Fig. 3 C and D ; n ϭ 5, P Ͻ 0.01). Raclopride itself dramatically increases the amplitude of EPSPs about 30% (P Ͻ 0.05), presumably due to reversal of the common action of D2 receptors to depress neuronal excitability (7, 21).
Voltage-Independent Reduction of EPSPs by DA. As a final step, to determine whether postsynaptic receptors or ion channels are involved in this modulation, we first examined the time course of synaptic response, including latency, rise time, and decay time of EPSPs and found no evidence that DA altered EPSP temporal dynamics (Table 1) . Second, as shown in Fig. 4 , synaptic responses were investigated at different holding membrane poten- tials to determine whether dopaminergic modulation of unitary EPSPs is voltage dependent. DC currents (Ϫ0.2-0.8n A) were injected to hold the membrane potential constant. Under these conditions, EPSP reduction was still visible over a range of membrane potentials as shown in Fig. 4A , which indicates that DA attenuated the EPSP irrespective of membrane voltage. Third, to examine whether DA modulates sodium channels and͞or potassium channels located on the postsynaptic neuron, 5 mM QX-314 and 125 mM Cs ϩ -gluconate were included in the postsynaptic recording pipette. Fig. 4B shows that DA reduces EPSP amplitude in the presence of these two channel blockers, as it does in control conditions. These findings indicate that (E and F) The D1 receptor agonist mimics DA effects, whereas the D2 receptor agonist had no effects. (E) The DA D1 receptor agonist, 100 M SKF 33989, reproduced the effect of DA, whereas the D2-like receptor agonist, 10 M quinpirole, lacked effects. (F) Summary histograms showing the normalized EPSP amplitude reduction (mean Ϯ standard error) produced by DA and SKF but not quinpirole. The normalized values to control for DA, SKF, and quinpirole were 71.1 Ϯ 2.90% (n ϭ 16, P Ͻ 0.001); 68.0 Ϯ 4.12% (n ϭ 4, P Ͻ 0.05); and 98.8 Ϯ 3.88% (n ϭ 4, P ϭ 0.633), respectively. postsynaptic sodium and͞or potassium channels are not required for DA's suppression of EPSPs.
Discussion
The present study provides evidence that DA directly modulates unitary excitatory synaptic neurotransmission in local pyramidal-to-pyramidal circuits that presumably mediate recurrent excitation. Our data on failure rate and paired-pulse ratio also indicate that the direct effect on the probability of glutamate release or reliability of excitatory synaptic transmission occurs via a presynaptic mechanism acting at D1 receptors. The present findings are in line with numerous previous studies on DA modulation of synaptic properties in other brain regions using a combination of intracellular recording and extracellular stimulation (19, (22) (23) (24) (25) . The D1 receptor has also been implicated in long-term depression induced in the rat PFC (26, 27) . The relationship of the present results to the long-term depression observed by Crépel and colleagues (27) is deserving of further exploration.
The presynaptic modulation of transmitter release may occur through at least one of the following mechanisms: (i) the influx of Ca 2ϩ may be reduced by modulation of the voltage-dependent Ca 2ϩ or K ϩ channels in presynaptic terminals (28) ; (ii) the release machinery may be altered after Ca 2ϩ entry into presynaptic terminals (29) ; and (iii) the propagation of action potentials may be attenuated by modulation of Na ϩ channels (30) (31) (32) . The first two possibilities seem unlikely because previous studies have provided evidence that DA modulates excitatory transmission by a mechanism independent of Ca 2ϩ entry into the cell (33) . In our view, the third mechanism has considerable merit because data from Cantrell et al. (30) have shown that both DA and D1 agonists can reduce Na ϩ currents in dissociated hippocampal pyramidal neurons.
In line with previous studies (15) , several putative synaptic contacts were observed in pairs of anatomically reconstructed pyramidal neurons in this study (Fig. 1C) . The site of DA's effects in local horizontal excitatory connections may occur at D1 receptors that anatomical studies have localized on the axon terminals of nondopaminergic neurons, which form excitatory asymmetric synapses onto dendritic spines (12, 13, 34) . The ultrastructural data suggest that DA may act at a dendritic spine innervated by both a dopaminergic and a glutamatergic terminal (a so-called synaptic triad) in at least two ways. First, it could presynaptically modulate neurotransmitter release from axonal terminals of excitatory afferents that synapse onto dendritic spines. Second, DA could directly modulate dendritic excitability postsynaptically by modulating the response to activation of the excitatory and inhibitory amino acid receptors located on the soma and dendrites of postsynaptic neurons. Even though postsynaptic mechanisms are supported by the localization of D1 receptors in dendritic shafts and spines (12, 13, 34) , by D1 enhancement of N-methyl-D-aspartate (NMDA)-mediated currents in the striatum (35, 36) and PFC (10) , and by the reduction of Na ϩ currents in hippocampal neurons (30) , these postsynaptic mechanisms would not account for our data. It remains to be determined how the presynaptic D1 receptors elucidated in this study would suppress excitatory synaptic transmission in horizontal connections and, at the same time, operate in conjunction with postsynaptic receptors and͞or ion channels (7) . However, the inhibition of local excitatory connections by D1 receptors indicates that the normal action of DA is to constrain neuronal activation during performance of a working memory task. Such an inhibitory role for DA is fully consistent with our previous in vivo observations in the primate (3) and is also supported by a recent in vitro study in the rodent (21) as well as by the results from D1 mutant mice in which the normal inhibition of neuronal activity by iontophoresis of DA has been demonstrated to be lacking (37) . The identification of presynaptic inhibition on cortico-cortical connections provides direct evidence that DA may, through a presynaptic action, gate neurotransmitter release to control neuronal circuits in a cortical column and thereby alter working memory processes. To examine whether DA modulates sodium and potassium channels postsynaptically, the Na ϩ channel blocker QX-314 (5 mM) and K ϩ channel blocker Cs ϩ -gluconate (125 mM) were included in the postsynaptic recording pipette. DA continues to reduce EPSP amplitudes in the presence of these two channel blockers, indicating that the depression effects of DA's actions do not involve the activation of postsynaptic sodium and potassium channels.
